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KEY ROLE OF OXIDES OFKEY ROLE OF OXIDES OF
NITROGENNITROGEN

•  Sole known anthropogenic source of
ozone:

NO2  + hυυ  →→  NO  +  O(3P)

O2
O3



INCREASE IN GLOBAL OINCREASE IN GLOBAL O33

Volz Volz & & KleyKley, , NatureNature, , 332332 240 (1988) 240 (1988)

•  Attributed to increase in NOx emissions

×× 2



KEY ROLE OF OXIDES OFKEY ROLE OF OXIDES OF
NITROGENNITROGEN

•  Sole known anthropogenic source of ozone:

NO2  + hυυ  →→  NO  +  O(3P)

O2 O3

•  Precursor to PAN, HNO3, nitro-PAH etc.

• Forms the nitrate radical (nighttime
oxidations):

NO2 + O3 →→ NO3 + O2



CONTROL STRATEGY PARADOXCONTROL STRATEGY PARADOX

At low VOC/At low VOC/NONOxx,  O,  O33 predicted to decrease as  predicted to decrease as NONOxx

increases..increases..

OH  +  NO2  →→  HNO3

BUT.. no heterogeneous chemistry!BUT.. no heterogeneous chemistry!



NONOxx CHEMISTRY CHEMISTRY

•• Gas phase chemistry “relatively” well Gas phase chemistry “relatively” well
understoodunderstood

••  Heterogeneous chemistry????Heterogeneous chemistry????



NONOxx HETEROGENEOUS HETEROGENEOUS
CHEMISTRYCHEMISTRY

NO2(g)

H2O(g)

HONO(g)

NeedNeed
surface!!surface!!



OVERALL NOOVERALL NO22 HYDROLYSIS HYDROLYSIS
REACTIONREACTION

2 NO2  +  H2O  

“surface”“surface”

HONO  + HNO3

Never seen inNever seen in
gas phase!gas phase!



OVERALL NOOVERALL NO22 HYDROLYSIS HYDROLYSIS
REACTIONREACTION

2 NO2  +  H2O  HONO  + HNO3

~~~~magicmagic~~~~



OTHER POTENTIALOTHER POTENTIAL
HETEROGENEOUS NOHETEROGENEOUS NOXX

CHEMISTRY ??CHEMISTRY ??

HNOHNO3 (surface)3 (surface)  + NO  + NO(g)(g)  →→→→  HONO, NO  HONO, NO22, others?, others?

““renoxificationrenoxification””

••    suggested by suggested by Fairbrother Fairbrother et al. (1997)et al. (1997)



WHY IS HONO IMPORTANT?WHY IS HONO IMPORTANT?

• Initiates VOC oxidation:

HONO + hυυ  →→  OH  +  NO

OH  +  VOC →→ →→ RO2

NO NO2

RO



HOW IMPORTANT IS HONO?

Long Beach, CA,  December 10, 1987Long Beach, CA,  December 10, 1987

•  44 % of OH
production over
24 hrs

Winer & Biermann, Res.
Chem. Int. 20 423 (1994)



SO WHAT??SO WHAT??

•  “Pulse” of OH in early morning
speeds up VOC oxidation and NO
→→ NO2 →→  O3

•  May move position of O3 peak
upwind and change peak level



KNOWN SOURCES OF HONOKNOWN SOURCES OF HONO

••    Direct emissions from non-catalyst equippedDirect emissions from non-catalyst equipped
vehicles (e.g. vehicles (e.g. Pitts Pitts et al, 1984; et al, 1984; Wiesen Wiesen et al, 2001)et al, 2001)

••  OH  +  NO    OH  +  NO  ↔↔↔↔      HONOHONO

••  NO  NO22  +  +    sootsoot        →→→→   HONO   HONO

- most cars have catalysts

- daytime when HONO photolyzes

- surface deactivation of soot



OVERALL NOOVERALL NO22 HYDROLYSIS HYDROLYSIS
REACTIONREACTION

2 NO2  +  H2O  

“surface”“surface”

HONO  + HNO3



Aerosol Chamber

• Hydrolysis of NO2 and Formation of HONO
   in the Presence of Aerosol

Light beam reflections
for Differential Optical

Absorption Spectroscopy

Mixing tube

Optics

Ultraviolet light for photolysis
experiments
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BOROSILICATE GLASS CELL (7 L)BOROSILICATE GLASS CELL (7 L)

Transfer optics
IR beam

from
FTIR

ZnSe
windows

To MCT
detector

S/V = 42 mS/V = 42 m-1-1



• Much faster HONO formation, with loss indicating
secondary reactions

• N2O and NO (not shown) are observed→→ from HONO??

NONO22 HYDROLYSIS IN 7 L GLASS HYDROLYSIS IN 7 L GLASS
CHAMBERCHAMBER
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SOME PREVIOUS OBSERVATIONSSOME PREVIOUS OBSERVATIONS

•• First order in NO First order in NO22, first order in H, first order in H22OO

•• HONO yields  HONO yields << 50% 50%

•• HNO HNO33 not seen in gas phase not seen in gas phase

•• No effect of underlying surface (glass, No effect of underlying surface (glass,
Teflon etc.)Teflon etc.)

England & England & CorcoranCorcoran, , 1974; 1974; ten Brink et al,ten Brink et al,  1978;   1978; SakamakiSakamaki
et al., et al., 1983; 1983; Pitts Pitts et al., et al., 1984, 1985; 1984, 1985; Akimoto Akimoto et al., et al., 1987;1987;
Svensson Svensson et al., et al., 1987; 1987; Jenkin Jenkin et al., et al., 1988; 1988; Wiesen Wiesen et al., et al., 1995;1995;
Kleffman Kleffman et al., et al., 1998a,b; 1998a,b; Harrison & Collins, Harrison & Collins, 1998.1998.



PITTS et al. MECHANISM FOR NOPITTS et al. MECHANISM FOR NO22

HYDROLYSIS ON SURFACESHYDROLYSIS ON SURFACES

NO2

NO2

NO2

NO2

slow
H2O

fast HONO

HONO

HNO3

Pitts et al., Int. J. Chem. Kinet. 16 919 (1984)

surface

liquid water filmliquid water film



UNANSWERED QUESTIONSUNANSWERED QUESTIONS

••What does “surface” mean?What does “surface” mean?

••How can laboratory studies beHow can laboratory studies be
extrapolated to ambient conditions?extrapolated to ambient conditions?

Need to know fundamental mechanism andNeed to know fundamental mechanism and
kinetics!kinetics!

•• Is the water on the surface bulk liquid? Is the water on the surface bulk liquid?



NONO22 INTERACTIONS WITH WATER INTERACTIONS WITH WATER
ON SURFACESON SURFACES

•  How much water is on surfaces?

••  Is it “bulk” water?  Is it “bulk” water?



Flow meter

CaF2

Window
Discs for water
uptake

MEASUREMENT OF WATER ONMEASUREMENT OF WATER ON
SURFACESSURFACES

•• Measure surface water by strong IR band at 3400 cm Measure surface water by strong IR band at 3400 cm-1-1

N2
Flow meter

IR
beam

0-100 %RH0-100 %RH



UPTAKE OF HUPTAKE OF H22O ON GLASSO ON GLASS
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COMPARISON TO LITERATURECOMPARISON TO LITERATURE



SURFACES AVAILABLE FORSURFACES AVAILABLE FOR
HETEROGENEOUSHETEROGENEOUS

REACTIONSREACTIONS



WATER UPTAKE ONWATER UPTAKE ON
ENVIROMENTAL SURFACESENVIROMENTAL SURFACES

Water Uptake on Glass Compared with
Ambient Surfaces
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G. Lammel, Formation of Nitrous Acid:  Parameterisation and Comparison with Observations, Report No. 286, Max-
Planck-Institut Für Meteorologie, Hamburg, 1999.

Our dataOur data



IS IT “BULK” WATER?IS IT “BULK” WATER?

• Shift in band peak to higher wavenumbers
(higher energy) →→ “2 D” water!

indistinguishable
from bulk water

.00.00

A
b

s
o

r
b

a
n

c
e



KEY POINT #1KEY POINT #1

••  Cannot treat chemistry as uptake into
bulk water film on surface, followed by
“conventional” aqueous phase reactions

-chemistry in 2-D!



SO WHAT??SO WHAT??

••  Affects nature of species on surface,Affects nature of species on surface,
their reactivity and kinetics, i.e. entiretheir reactivity and kinetics, i.e. entire
reaction!reaction!

e.g.,  e.g.,  HNOHNO33,  NO,  NO22/N/N22OO44



WHY IS HNOWHY IS HNO33 NOT SEEN AS NOT SEEN AS
A PRODUCT IN GAS PHASE?A PRODUCT IN GAS PHASE?

••  Stays “stuck” to surface???????

••    Why???

-HNO3 has high vapor pressure!



SILICA SAMPLES USED TOSILICA SAMPLES USED TO
STUDY SURFACE REACTIONSSTUDY SURFACE REACTIONS

silica powder &
pressed disc

porous glass
(etched)



CELL USED TO STUDY CHEMISTRYCELL USED TO STUDY CHEMISTRY
ON SILICA SURFACESON SILICA SURFACES

 heating 
region  sample holder

gas inlets

silica surface
with adsorbed
species

infrared beaminfrared beamto detectorto detector gas gas



POROUS GLASS CELLPOROUS GLASS CELL

Heating
regionSilica surface in path

of IR beam (able to be
withdrawn out of IR

beam)

FTIR
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HNO3

• N2O4 enhanced on
surface→→ key
intermediate?

•  HNO3 is formed &
stays on surface

FORMATION OF HNOFORMATION OF HNO33

(AND N(AND N22OO44) ON SURFACE) ON SURFACE

Add NO2 to cell
with “wet”
porous glass

NO2



KEY POINT #2KEY POINT #2

••  HNO3 is the second product!

• HNO3 stays on surface meshed with
“2-D” water

•  At least part of the HNO3 is
undissociated →→ effect of 2-D water?



SO WHAT??SO WHAT??

••    UndissociatedUndissociated HNO HNO3 3 undergoes someundergoes some
unique reactions to regenerate unique reactions to regenerate NONOxx

Maybe HNO3 is not “end of the line”?
-implications for control strategies



REACTION OF NO WITH HNOREACTION OF NO WITH HNO33

ON POROUS GLASSON POROUS GLASS

NONO2(gas)2(gas)+ NO+ NO

NN22OO4(surf)4(surf)

1900 1800 1700 1600 1500
Wavenumber (cm

-1
)

AfterAfter
HNOHNO33

dosingdosing

HNOHNO33
••  undissociatedundissociated
HNOHNO33 “sticks” “sticks”
on surfaceon surface

• NO reacts
with HNO3(surf)
to give NO2



CONVERSION OF SURFACECONVERSION OF SURFACE
HNOHNO33 TO NO TO NO22



MECHANISM OF NO REACTIONMECHANISM OF NO REACTION
WITH SURFACE HNOWITH SURFACE HNO33

HNO3  +  NO   → →  HONO  +  NO2

HONO  + HNOHONO  + HNO33  →→→→  2 NO  2 NO22  +  H  +  H22OO

NET:NET:

2 HNO3  +  NO  →→  3 NO2  +  H2O



REACTION OF NO WITH HNOREACTION OF NO WITH HNO33 ON ON
GLASS CELL SURFACEGLASS CELL SURFACE

Transfer optics
IR beam

from
FTIR

ZnSe
windows

To MCT
detector

• “dose” cell with gaseous
HNO3 and pump out

• add NO in N2 at chosen
RH

•  follow loss of NO and
formation of gaseous
products
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WATER UPTAKE ONWATER UPTAKE ON
ENVIROMENTAL SURFACESENVIROMENTAL SURFACES

Water Uptake on Glass Compared with
Ambient Surfaces
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REACTION OF NO WITH SURFACEREACTION OF NO WITH SURFACE
HNOHNO33 ON SMOOTH GLASS ON SMOOTH GLASS

SURFACESURFACE

•• Reaction slower with 2 layers or  Reaction slower with 2 layers or >> 5 layers of 5 layers of
waterwater

> 5 layers:  HNO3  →→ H+  +  NO3
-

-undissociated HNO3 is key to reaction?

 1 -2 layers?? 1 -2 layers??



THERMOCHEMISTRY OF NOTHERMOCHEMISTRY OF NO
REACTION WITH HNOREACTION WITH HNO33

HNO3  +  NO   → →  HONO  +  NO2

HONO  + HNOHONO  + HNO33  →→→→  2 NO  2 NO22  +  H  +  H22OO

NET:NET:

2 HNO3  +  NO  →→  3 NO2  +  H2O

All gases: All gases: ∆∆∆∆HH0 0 = -0.3 kcal = -0.3 kcal molmol-1-1

All gases: All gases: ∆∆∆∆HH0 0 = +9.3 kcal = +9.3 kcal molmol-1-1

All gases: All gases: ∆∆∆∆HH0 0 = +9 kcal = +9 kcal molmol-1-1



THERMOCHEMISTRY OFTHERMOCHEMISTRY OF
SURFACE HNOSURFACE HNO3 3 REACTIONSREACTIONS

HONOHONO(g)(g)  + HNO  + HNO3(g)3(g)  →→→→  2 NO  2 NO2(g)2(g)  +  H  +  H22OO(g)(g)

~ - 5~ - 5

+ 9.3+ 9.3

∆∆∆∆HH298 298 ((kcal kcal molmol-1-1))

HONOHONO((hydrhydr)) HNOHNO3(3(hydrhydr)) NN22OO4(4(hydrhydr)) HH22OO(l)(l)

-7.2-7.2-10-10 -21-21 -10.5-10.5



ROLE OF WATER ON SURFACEROLE OF WATER ON SURFACE

• “2-D” water means at least some of HNO3 is
undissociated →→ unique chemistry & renoxification

•  water  “solvates” reactants and products →→
makes reactions exothermic

< 2 layers of water insufficient for
“solvation” ?



SO WHAT??SO WHAT??

•  Likely that under atmospheric
conditions, some of deposited HNO3

can be converted back into NOx



OVERALL NOOVERALL NO22 HYDROLYSIS HYDROLYSIS
REACTIONREACTION

 (and other heterogeneous chemistry) (and other heterogeneous chemistry)

2 NO2  +  H2O  

““surfacesurface””
HONO  + HNO3
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